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Orphan receptorThe orphan Leucine-rich repeat G protein-coupled receptor 5 (LGR5/GPR49), a target of Wnt signaling, is a
marker of adult intestinal stem cells (SC). However, neither its function in the adults, nor during
development of the intestine have been addressed yet. In this report, we investigated the role of LGR5 during
ileal development by using LGR5 null/LacZ–NeoR knock-in mice. X-gal staining experiments showed that,
after villus morphogenesis, Lgr5 expression becomes restricted to dividing cells clustered in the intervillus
region and is more pronounced in the distal small intestine. At day E18.5, LGR5 deﬁciency leads to premature
Paneth cell differentiation in the small intestine without detectable effects on differentiation of other cell
lineages, nor on epithelial cell proliferation or migration. Quantitative RT-PCR experiments showed that
expression from the LGR5 promoter was upregulated in LGR5-null mice, pointing to the existence of an
autoregulatory negative feedback loop in intact animals. This deregulation was associated with over-
expression of Wnt target genes in the intervillus epithelium. Transcriptional proﬁling of mutant mice ileums
revealed that LGR5 function is associated with expression of SC and SC niche markers. Together, our data
identify LGR5 as a negative regulator of the Wnt pathway in the developing intestine.© 2009 Elsevier Inc. All rights reserved.Introduction
Continuous high-rate renewal of the epithelium in the adult small
intestine constitutes a useful model system to study the molecular
mechanisms governing stem cell maintenance, cell lineage commit-
ment and tissue homeostasis. It is well established that intestinal stem
cells (SC) located at the bottom of the crypts of Lieberkühn are able to
self-renew and, following asymmetrical division, give rise to transit-
amplifying cells that differentiate into all intestinal epithelial cell
lineages along the crypt–villus unit (Crosnier et al., 2006). Absorptive
enterocytes and the secretory goblet and enteroendocrine cells move
upwards, to be shed at the tip of the villi after a life cycle of about
4 days in mice. Conversely, the Paneth cells, involved in the secretion
of cryptdins/defensins, migrate to (or stay at) the bottom of the
crypts, and display a longer life cycle of 20 days (Bry et al., 1994).
Extensive studies have demonstrated a major role for the Wnt, Notch,
hedgehog, and TGF-β/BMP signaling pathways in intestinal epithe-
lium homeostasis (Crosnier et al., 2006; Scoville et al., 2008).
However, how these pathways coordinate cell proliferation and
differentiation temporally and spatially still needs to be clariﬁed., Université Libre de Bruxelles,
2 555 46 55.
l rights reserved.The canonical Wnt pathway has been shown to control prolifera-
tion in the adult intestine. Its inadequate stimulation secondary to
activating mutations in the β-catenin gene, or loss-of function
mutations in the negative regulatory components (APC, Axin1 or
Axin2) leads to colon cancer in humans (Lustig et al., 2002; Pinto and
Clevers, 2005; Yan et al., 2001). During mouse small intestine
development, Wnt molecules have complex effects on proliferation
and differentiation. Intestinal epithelium morphogenesis starts
around embryonic day E14 when the endoderm-derived pseudo-
stratiﬁed epithelium undergoes a strong reshaping, involving the
mesoderm-derived mesenchyme, to form villi and the intervillus
regions containing the proliferating progenitors. Crypts, containing
stem and Paneth cells, will form later within the ﬁrst two postnatal
weeks from the invagination of the intervillus regions (Crosnier et al.,
2006). Wnt signaling appears to play a critical role during these
morphogenetic events as disruption of Tcf-4 expression, a transcrip-
tion factor downstream in this signaling cascade, blocks mouse
progenitor proliferation in the intervillus region (Korinek et al., 1998).
Controversial data have been reported recently by Kim et al. (2007)
arguing that Wnt signaling takes place in the villi during late
embryonic intestinal development. Besides, activation of Wnt also
drives the differentiation program of Paneth cells (van Es et al., 2005;
Andreu et al., 2008). How these apparently contradictory phenomena
are controlled in physiology remains to be elucidated.
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the orphan Leucine-rich repeat G protein-coupled Receptor 5 (LGR5/
GPR49) is speciﬁcally expressed at the crypt bottom of the adult
intestine by the so-called crypt base columnar cells (Barker et al.,
2007). Since these cells, interspersed between Paneth cells, have been
identiﬁed as SC by lineage tracking experiments, LGR5 appears as a
reliable marker of adult intestinal SC (Barker et al., 2007; Cheng and
Leblond, 1974). However, unequivocal identiﬁcation of intestinal SC is
not deﬁnitively settled as similar lineage tracking experiments
performed with the Bmi1 gene point to cells in position +4 in the
crypts (Sangiorgi and Capecchi, 2008), giving also support to the
historical identiﬁcation of label-retaining cells as SC (Marshman et al.,
2002). Interestingly, the association of LGR5 expressionwith SC is also
observed in other organs along the gastrointestinal tract (stomach and
colon) and in the skin (Barker et al., 2007; Blanpain et al., 2004, Morris
et al., 2004). Together with its paralogs LGR4 and LGR6, LGR5 is
structurally related to members of the glycoprotein hormone receptor
family (Hsu et al., 1998). However, its physiological function as well as
the signaling pathway(s) involved upon its activation, is still poorly
understood due to lack of identiﬁed natural ligand. In vivo, LGR5
deﬁciency results in complete neonatal lethality as a consequence of a
tongue developmental defect interfering with suckling (Morita et al.,
2004). Nevertheless, the potential effect of LGR5 invalidation on SC
function, in particular in the intestine, has not been addressed yet.
In the present study, we report the ﬁrst phenotypic characteriza-
tion of LGR5 gene knock-out mice in relation with intestinal
development. We show that LGR5 deﬁciency induces premature
differentiation of Paneth cell with concomitant upregulation of Wnt
signaling. Our data identify LGR5 as a negative regulator of Wnt
pathway in progenitor cells of the developing intestinal epithelium.
Materials and methods
Animal experiments
Animals were housed in a temperature (21±1 °C) and humidity
(55±10%)-controlled roomwith a 12 h light:12 h dark cycle. Food and
water were available ad libitum. Animal procedures were conducted
in accordance with the guidelines of the European Communities
Directive 86/609/EEC regulating animal research and were approved
by the Local Ethical Committee. LGR5/GPR49-LacZ (LGR5−/−) mutant
mice were previously generated in the C57BL/6 background (Morita
et al., 2004). Studies were performed on embryos generated by
crossing heterozygous male and female LGR5+/− mice. The day the
vaginal plug was observed was considered as embryonic day 0.5
(E0.5). DNA isolated from embryonic tissue or tail biopsies was used
for genotyping animals as described (Mendive et al., 2006; Morita
et al., 2004).
BrdU labeling, histology, X-gal staining, immunoﬂuorescence and
immunohistochemistry
For BrdU labeling of embryos, pregnant mice were injected intra-
peritoneally with 1 mg/30 g body weight of CldU or IdU (Sigma) in
PBS 90 min or 24 h before sacriﬁce, respectively. Embryonic small
intestine dissected from pregnant mice were immediately ﬁxed with
4% paraformaldehyde overnight at +4 °C and then, sedimented
through subsequent 20 and 30% sucrose solutions before OCT
compound embedding. Seven μm sections, collected on SuperFrost
Plus slides were stained with Hematoxylin/Eosin, with alcian blue
(pH 2.5)/nuclear fast red or the Lendrum's procedure (Klinipath) to
evidence Goblet and Paneth cells, respectively. Paneth cells' counting
was carried out blind with respect to genotype. X-gal staining was
performed as follows: fresh tissues were ﬁxed on ice for 40 min with
the following solution (0.5% paraformaldehyde, 2.5% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.35), washed three times with 0.1 Mphosphate buffer (pH 7.35), stained overnight at 37 °C with a LacZ-
buffer (3.1 mM potassium ferricyanide; 3.1 mM potassium ferrocya-
nide; 1 mM MgCl2; 0.4 mg/ml X-gal in 0.1 M phosphate buffer).
Reaction was stopped by washing in 0.1 M phosphate buffer. Post
ﬁxing in PAF 4% and OCT embedding were performed as described
above. Sections were counterstained with nuclear fast red. For
immunoﬂuorescence or immunohistochemistry, antigen retrieval
was performed by microwaving sections in 10 mM sodium citrate
buffer, pH 6.0 before sample permeabilization with 0.1% Triton X-100
in PBS and incubation in blocking buffer (1% BSA, 5% horse serum, 0.1%
Triton X-100 in PBS). Sections were incubated with primary
antibodies: goat anti-Villin (Santa Cruz biotechnology), rabbit anti-
Chromogranin A (Immunostar), rat anti-BrdU (Abcam), or mouse
anti-BrdU (BD) and further proceeded as previously described
(Mendive et al., 2006). TUNEL assays were performed according to
the manufacturer's instructions (Roche).
In situ hybridization
Embryonic small intestines were processed in RNAse-free
conditions as described above. Twenty μm cryo-sections, collected
on SuperFrost Plus slides were hybridized with RNA digoxigenin-
labeled probes according to standard procedures. The Axin2
containing plasmid was kindly provided by F. Costantini (Columbia
University, USA) and used as described (Jho et al., 2002). The
cryptdin probes were generated by PCR using the following primers:
antisense forward, 5′-ggatccattaaccctcactaaagggaaaagacacttgt-
cctcctctctgccc-3′ and antisense reverse, 5′-cggcgggggcagcagta-3;
sense forward, 5′-aagagactaaaactgaggagcagc-3′ and sense reverse,
5′-ggatccattaaccctcactaaagggaatcagcggcgggggcagcagta-3.
Gene expression analysis
Microarray analysis was performed on four independent pairs of
KO/WT littermate E18.5–E19 embryos. Ileal total RNA was extracted
using the Mirvana kit (Ambion, Texas, USA). Double-stranded cDNA
was synthesized from 1 μg of total RNA, followed by production of
antisense RNA containing the modiﬁed nucleotide 5-(3-aminoallyl)-
UTP using the Amino Allyl MessageAmp™ II aRNA Ampliﬁcation kit
(Ambion, Texas, USA). After labeling with Cy3 or Cy5 (GE Healthcare
Bio-Sciences, New Jersey, USA), KO/WT sample pairs were hybridized
onto MEEBO slides (Stanford Functional Genomics Facility, CA, USA).
The oligonucleotides' set consists of 38784 70-mer probes designed
using a transcriptome-based annotation of exonic structure for
genomic loci. Hybridizations were replicated with dye swap.
Microarray data analysis
Slides were scanned using a Molecular Devices 4000B laser
scanner and expression levels were quantiﬁed using GenePix Pro 6.1
image analysis software (Axon Instruments, CA, USA). Image acquisi-
tions were performed with automatic photomultiplier gains (PMT)
adjustment. Artefact-associated spots were eliminated by both visual
and software-guided ﬂags, as well as spots with a signal/background
ﬂuorescence ratio less than 2. The ﬂuorescence values were imported
into Acuity 4.0 software package (Molecular Devices, Union City, CA,
USA). A non-linear locally weighted scatter plot (Lowess) normal-
izationmethod applied to each individual block (print-tip option) was
carried out using Acuity 4.0 software package (Molecular Devices,
Union City, CA, USA). Data obtained from mean of the normalized
log2-ratio calculated for each duplicate were used for the subsequent
steps. A ﬁrst selection was done on the basis of the Signiﬁcance
Analysis of Microarrays (SAM)method (Tusher et al., 2001). “SAMone
class” (with one hundred permutations of the repeated measure-
ments) was used to estimate the percentage of genes identiﬁed by
chance, resulting in a list of genes with a false discovery rate (q-value)
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absolute normalized fold change N1.3 in at least 4/8 of the hybridized
arrays (Supplemental data Table 1). The complete microarray dataset
was deposited in Gene Expression Omnibus (accession number:
GSE13337).
Quantitative real-time PCR (qRT-PCR)
Primer sequences are listed in Supplemental data Table 2.
Expression levels were normalized to that of the Gapdh and or
Ywhaz genes, whose expression remains constant among genotypes.
qRT-PCR results were obtained using qBase v1.3.4 free software. Each
test sample was run in duplicate.
Statistical analysis
Graphical analysis was performed with Graph Pad Prism. The
signiﬁcance of differences between genotypes was determined by t-
test analysis. Signiﬁcance was taken as pb0.05 and tendency for a
difference was indicated by 0.05bpb0.1.
Results
Spatial and temporal pattern of LGR5 expression in the intestine
We investigated the spatio-temporal expression of LGR5 during
normal development of the mouse intestine. qPCR experiments
performed at day E18.5 showed differential regional expression of
the receptor, its transcript being 2.5 fold higher in the ileum than in
the duodenum or the colon (Fig.1A). To identify LGR5-expressing cells
in each region, we performed X-gal staining, taking advantage of the
LGR5 null/LacZ knock-in mouse strain, in which the LacZ/MC1 neo
cassette replaces exon 18 encoding transmembrane and C-terminal
domains of the receptor (Morita et al., 2004). As shown in Figs. 1B and
C, a non-speciﬁc blue signal was evidenced on the surface of villi in the
ileum and duodenum of embryos at day E18.5 irrespective of the
genotype. This is characteristic of the situation around birth, as it is not
observed at earlier times (see Fig. 1D) nor in adults. Nevertheless,
speciﬁc punctiform staining was detected in the ileum of hetero-
zygous (HE) and homozygous (KO) tissues, exclusively in cells
clustered in the intervillus region (Fig. 1B), which is known to contain
the highly proliferating progenitor cells (Crosnier et al., 2006 and
Fig. 2). In the duodenum, Lgr5-expressing cells were similarly found
in the intervillus zone, whereas in the colon, a few positive cells were
detected in the crypts (Fig. 1C, left and right panels, respectively).
This expression pattern was conﬁrmed by in situ hybridization
experiments (data not shown).
When compared with the situation at day E18.5, a higher
proportion of LGR5-expressing cells was found in the ileal epithelium
of animals at day E15.5 (compare Figs. 1B and D). Such difference
likely reﬂects both expansion of the villus compartment during late
gestation (see Figs. 1B and D), and progression towards the adult
situation where LGR5-expressing cells are restricted to a limited
number of stem cells within the crypts (Barker et al., 2007).
Effect of LGR5 deﬁciency on progenitor cell proliferation and migration
We next investigated if LGR5 deﬁciency would affect the position
and number of LacZ-expressing cells. As observed in Fig. 1B, a similar
number of clustered LacZ-expressing cells was localized in the
intervillus region of KO and HE ileums [9.6±0.9 versus (vs.) 8.2±
0.3 LacZ-positive cells/intervillus segment, respectively, (p=0.15)].
To determine if LGR5 loss alters progenitor cell proliferation, pregnant
female micewere injected with BrdU 90min before being sacriﬁced at
day E18.5. BrdU incorporation was detected by immunohistochem-
istry on X-gal stained ileal sections. As shown in Fig. 2A, an average of50% LacZ-expressing cells of the intervillus region exhibited nuclear
labeling for BrdU in both HE and KO tissues, indicating that, as in adult
tissues (Barker et al., 2007), LGR5-expressing cells correspond to
proliferating progenitors in the embryonic intestine. X-gal staining
was disproportionately strong in KO animals as compared to HE (see
below). As illustrated in Fig. 2B, overall intervillus cell proliferation
was not signiﬁcantly affected by loss of LGR5 expression in null mice
(5.5±0.4 vs. 5.6±0.2 CldU positive cells/intervillus in WT and KO
ileums, respectively; pN0.5). In addition, the pattern of migration of
BrdU-labeled cells, examined on ileal sections of E18.5 mice pulse-
labeled 24 h before tissue collection, showed that the overall cell
migration rate remained unchanged in KO mice (Fig. 2B). Apoptosis
was explored in KO andWT ileums at E18.5 by the TUNEL assay. It was
virtually non-existent in both genotypes (data not shown).
LGR5 deﬁciency does not impair differentiation of the cell lineages
normally present at E18.5
Next, we analyzed cell lineage differentiation in WT and KO ileal
tissues at embryonic day E18.5. Hematoxylin/Eosin staining of ileal KO
sections showed a grossly normal morphology, with typical villus
structure (Fig. 3A) lined by a villin-positive epithelium (Fig. 3C),
absence of crypts at this early stage, and presence of muscle layers
surrounding the mesenchyme. Alcian blue and immunoﬂuorescence
staining with the pan-endocrine marker Chromogranin A showed that
goblet and enteroendocrine cell differentiation had similarly occurred
in WT and KO animals (Figs. 3B and D, respectively). Therefore,
although minor effect on cell differentiation cannot be excluded (see
Discussion), loss of LGR5 does not seem to substantially impair
differentiation of the three epithelial lineages normally present at this
prenatal developmental stage.
LGR5 deﬁciency induces premature Paneth cell differentiation
The fourth cell lineage, Paneth cells, normally appears within the
two ﬁrst weeks of life in mice and expresses cryptdins as markers (Bry
et al., 1994, Inoue et al., 2008). In situ hybridization experiments using
probes speciﬁc for these markers showed positive cells in the
intervillus region of the epithelium of KO tissues whereasWT sections
displayed little if any positivity (Fig. 4A). The Lendrum's staining
procedure, which evidences mature Paneth cells, further conﬁrmed
that these cells were not yet differentiated in WT E18.5 intestine,
while cells with typical cytoplasmic fuchsia–red secretion granules
were found in the intervillus region of KOmice (Fig. 4B). Occasionally,
positive cells were also found in the KO villi (data not shown).
Quantiﬁcation of Paneth cell differentiation showed a strong induc-
tion in KO vs. WT mice (pb0.001) and a trend for precocious Paneth
cell differentiation in HE vs. WT mice (p=0.053) (Fig. 4C, left panel).
In addition, Lendrum's staining performed on X-gal-stained sections
of the E18.5 KOmice showed that Paneth cells differentiate from LacZ-
expressing cells (Fig. 4C, right panel). qRT-PCR experiments (Fig. 4D)
and transcript proﬁling (see below and supplemental data Table 1)
showed that expression of a wide panel of Paneth cell markers was
upregulated in KO mice, including P-lysozyme, cryptdins and Mmp7
(Muller et al., 2005; Weeks et al., 2006).
To determine when Paneth cell differentiation initiates in LGR5-
deﬁcient mice, cryptdin 5 expression, which is speciﬁcally associated
with the Paneth differentiation program (Inoue et al., 2008), was
measured at different time points during ileal development. As
shown in Fig. 4E, expression of cryptdin 5 was strongly induced in KO
mice at E17.5 vs. E16.5 (p=0.01), whereas it remained at low levels
in LGR5-expressing ileums at any time point (at E17.5, HE vs. KO,
pb0.001). Time course expression analysis with primers speciﬁc for
cryptdin 1, themore precocious and abundantmember of the cryptdin
family, similarly showed a signiﬁcant upregulation of its expression at
E17.5 in KO vs. HE tissues (pb0.0001, Fig. 1 in Supplemental Data).
Fig. 1. Spatio-temporal expression of Lgr5 in embryonic intestine. (A) Lgr5 expression analysis in the gut. qRT-PCR analyses of duodenal, ileal and colon RNA performed onwild-type
(n=4) embryos at E18.5. Data were normalized to YWHZA expression, reported as relative mRNA levels (means±SEM) and analyzed by t-test. (B) LGR5/LacZ expression detected
by X-gal staining inwild-type (WT), heterozygous (HE) and knock-out (KO) ileal E18.5 sections. Arrows indicate lacZ-positive cells. Note that some non-speciﬁc staining is visible on
the surface of villi (also seen on WT sections). (C) LGR5/LacZ expression detected by X-gal staining in HE duodenal (left panel) and colon (right panel) sections at E18.5. Arrows
indicate lacZ-positive cells. (D) LGR5/LacZ expression detected by X-gal staining in WT, HE and KO ileal E15.5 sections.
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likely occurs between E16.5 and E17.5 in LGR5-null mice.
In situ hybridization (Fig. 4F) and qPCR experiments (data not
shown) indicated that the Paneth cell differentiation program was
also precociously induced in the duodenum of KO mice. As expected,
in the colon, cryptdins expression levels remained at very low levels in
both genotypes and under the detection limit of in situ hybridization
(data not shown).
Autoregulation of LGR5 expression by negative feed back
When compared with heterozygotes, X-gal staining observed in
the ileums of KO animals seemed out of proportion of the expectedtwo-fold effect (Figs. 1B and 2A). To determine if this could be related
to altered transcription from the LGR5 promoter, we used three
complementary qPCR approaches. First, we compared the level of
LGR5 transcripts in WT vs. HE ileal tissues, using primer pairs
spanning exons 17–18 (exon 18 is deleted in the KO construct). As
expected, expression in WT homozygotes was almost twice the level
observed in heterozygous tissues (see Fig. 5A, left panel “LGR5”).
Second, we measured the recombinant LGR5-NeoR transcripts in KO
vs. HE tissues, using primer pairs spanning the inserted cassette. In
this case, LGR5-NeoR expression appeared nearly four-fold increased
in homozygous KO vs. HE instead of the expected two-fold increase
due to difference in allele number (Fig. 5A, left panel, “NeoR”). Third,
using primer pairs spanning exons 12–14 of Lgr5, a region that
Fig. 2. Cell proliferation and migration in E18.5 ileums. (A) Immunohistochemical
detection of BrdU performed on X-gal stained ileal E18.5 HE or KO sections. Arrowheads
evidence LacZ-expressing cells positive for nuclear BrdU staining. (B) Immunohisto-
chemical detection of CldU and IdU performed on ileal E18.5 sections 90-min and 24-h
after injection, respectively. Bar, 100 μm.
Fig. 3. LGR5 deﬁciency does not impair differentiation of cell lineages normally present
in E18.5 intestines. (A) Hematoxylin/Eosin staining of ileal cross sections of WT and KO
mice. (B) Alcian blue–Nuclear fast red staining of ileal cross sections ofWTand KOmice.
Arrowheads evidence blue-labeled Goblet cells. (C) and (D) Immunoﬂuorescence co-
staining for the enterocyte marker villin and nuclear DAPI and for the enteroendocrine
marker Chromogranin A and nuclear DAPI, respectively. Arrowheads show enteroendo-
crine cells.
62 M.I. Garcia et al. / Developmental Biology 331 (2009) 58–67encodes the extracellular domain of the protein, and is present in the
same copy number in WT and KO animals, we conﬁrmed that the loss
of functional LGR5 gene product correlates with a close to twofold
upregulation of transcription from the LGR5 promoter (Fig. 5A, right
panel; KO vs. WT/HE, pb0.0001). As shown in Fig. 5B, such
deregulation of transcription from the LGR5 promoter was already
detected at day E15.5 (KO vs. HE, p=0.045; KO vs. WT, p=0.023).
Together, these data indicate that LGR5 exerts a negative control on its
own expression.
Overactivation of Wnt signaling in LGR5 null mice
Since LGR5 is a Wnt target and its deregulation appears at a time
point at which Wnt signaling is induced in the intestine (Lustig et al.,
2002; Wong et al., 2002), we questioned whether the negative
feedback control of Lgr5 expression could occur through this pathway.
To test this hypothesis, we measured the effect of LGR5 gene
invalidation in the ileum on the expression of additional Wnt target
genes (Batlle et al., 2002; Jho et al., 2002; Jubb et al., 2006; van der
Flier et al., 2009; Zeilstra et al., 2008). At E18.5, consistent upregulated
expression of the Wnt regulator Axin2/conductin, the transcriptional
factor Ascl2 and the CD44 glycoprotein was detected in KO vs. HE/WT
ileums (pb0.01). In contrast, expression of the Tyr kinase EphB3
receptor was similar in all genotypes (Fig. 6A). In agreement with the
time course of Wnt expression during intestinal development,
expression of Axin2 was induced at E15.5 in the 3 genotypes (Fig. 6B,
pb0.05). However, whereas it decreased from E16.5 in WT and HE
mice, Axin2 expression remained signiﬁcantly increased in KO tissues
(KO vs. WT/HE at E16.5, p=0.02; KO vs. HE at E17.5, pb0.001). These
data favor the hypothesis that upregulation of LGR5 gene expression in
LGR5-KOmice takes place in the context of an inappropriate activation
of the Wnt pathway. In situ hybridization using Axin2 as a probe
showed that Wnt overactivation exclusively occurs in epithelial cells
located in the intervillus region of the ileum (Fig. 6C). As shown in Fig.
6D, upregulation of Axin2, Ascl2 and CD44 was also detected in theproximal intestine and, to a lesser extent, in the large intestine of KO
tissues. The milder effect of LGR5 loss in the colon might be explained
by a delayed spatio-temporal induction of intestinal differentiation.
Again, EphB3 gene expression remained at similar levels in the
duodenum, ileum and colon of KO and WT mice.
Transcriptional proﬁling of ileal tissue from LGR5-deﬁcient mice
To further explore the role of LGR5 in intestinal development and
homeostasis, we compared in vivo global gene expression at E18.5 in
WT and KO mouse ileums. Four individual KO/WT littermate pairs
coming from 3 independent matings were analyzed by SAM. 219
differentially expressed genes were identiﬁed (80 unique up- and 139
downregulated transcripts; complete list provided in the Supple-
mental data as Table 1). In agreement with precocious Paneth cell
differentiation and overactivation of the Wnt pathway, one third of
the up-regulated genes were genes expressed by Paneth cells, and a
Fig. 5. Autoregulation of the LGR5 locus. (A) Analysis of the expression level of the LGR5 gene at E18.5. Left panel, LGR5 exons 17-18/NeoR expression. Right panel, LGR5 exons 12–14
expression. qRT-PCR analyses of ileal RNA were performed on WT (n=13), HE (n=14) and KO (n=12) embryos coming from 4 different litters. (B) LGR5 exons 12–14 expression
measured at earlier times of development. For each time point, qRT-PCR analysis of ileal RNA was performed on embryos coming from the same litters. At E14.5, the number of
individuals analyzed was n=3, 4 and 6 for WT, HE and KO, respectively. See legend of Fig. 4E for the other time points. Data were normalized to YWHZA expression in the same
samples, represented as normalized fold change compared to HE E14.5 expression (means±SEM) and analyzed by t-test.
Fig. 4. LGR5 deﬁciency leads to precocious Paneth cells differentiation in E18.5 intestines. (A) In situ hybridization of WT and KO ileal sections showing cryptdin 4 expression.
Arrowheads show cryptdin-expressing cells. (B) Lendrum' staining on ilealWTand KO sections. Inset of an intervillus KO section showing characteristic Paneth cell secretion vesicles
stained bright fuchsia (Arrows). Arrowheads showGoblet cells stained yellow. (C) Left panel: Paneth cell quantiﬁcation on E18.5 ileums performed on aminimum of 9 tissue sections
per animal (n=2 for each genotype). Data (means±SEM) were analyzed by t-test. Right panel: Lendrum's staining performed on an X-gal-stained KO section et E18.5. The arrow
indicates a LacZ-positive Paneth cell. (D) qRT-PCR analysis of the Panethmarkers P-lysozyme and Mmp7 expression on ileums of WT (n=12) and KO (n=13) mice. (E) Time course
of expression of the Paneth cell marker cryptdin 5. For each time point, qRT-PCR analysis of ileal RNAwas performed on embryos coming from the same litter. At E15.5, the number of
individuals analyzed was n=2, 6 and 3 for WT, HE and KO, respectively. At E16.5, n=2, 2 and 3 for WT, HE and KO, respectively. At E17.5, n=1, 7 and 3 for WT, HE and KO,
respectively. Data were normalized to YWHZA expression, reported as relative mRNA levels (means±SEM) and analyzed by t-test. (F) In situ hybridization of WT and KO duodenal
sections showing cryptdin 4 expression. Arrowheads show cryptdin-expressing cells.
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Fig. 6.Wnt overactivation in Lgr5-null mice. (A) qRT-PCR analysis of Wnt target genes expression in the ileum ofWT, HE and KOmice (n=13,14 and 13, respectively). Analysis was performed by t-test. (B) Axin2 expression measured at earlier
times of development (see Fig. 5B legend). (C) In situ hybridization of WT and KO ileal sections showing Axin2 expression. For each picture, a magniﬁcation is shown below. (D) qRT-PCR analysis of Wnt target genes expression in the
duodenum, ileum and colon of WT and KO (n=4 for each genotype) embryos at E18.5. Data were normalized to YWHZA expression, reported as relative mRNA levels (means±SEM) and analyzed by t-test.
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Table 1
Partial list of transcripts identiﬁed bymicroarray analysis to be upregulated in the ileum
of LGR5 KO mice.
Function Gene Gene name Q valuea
(%)
Mean fold
change
(qPCR)
Cell adhesion/ECM
Fhdc1 FH2 domain containing 1 4.43 1.56
MPZL2/Eva1 Myelin protein zero-like 2/
epithelial V-like antigen 1
3.32 1.31
Pcdh8/Papc Protocadherin 8 0.71 1.58
Transcription factors
Ascl2/
Mach2
Achaete-scute complex
homolog-like 2 (Drosophila)
0 1.52
(1.82)
Ccdc59 Coiled-coil domain containing 59 0 1.51
Myb Myeloblastosis oncogene 0 1.33
Prox2 Prospero-related homeobox gene 4.43 1.63
Rbp2 Retinol binding protein 2 0.29 1.69
Rnf43 Ring ﬁnger protein 43 0 1.32
Cell cycle/Growth
Oip5/Lint-25 Opa interacting protein
5/LAP2α-binding protein
0 1.29
Tm4sf4 Transmembrane 4 superfamily
member 4
0 1.33
Tubgcp4 Tubulin, gamma complex associated
protein 4
4.43 1.29
Metabolism
Abhd1 Abhydrolase domain containing 1 0 1.40
Acpp Acid phosphatase, prostate 2.30 1.32
Ahcy/CuBP/
Sahh
S-adenosylhomocysteine hydrolase 0.50 1.65
Fbp2 Fructose bisphosphatase 1 1.27 1.61
Gst3 Glutathione S-transferase, alpha 3 2.30 1.59
Ppa1 Pyrophosphatase (inorganic) 1 0 1.32
Siat7a ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-
galactosyl-1,3)-N-acetylgalactosaminide
alpha-2,6-sialyltransferase 1
0 1.97
Molecule Transport
Aqp4 Aquaporin 4 0 1.35
Kcnq1 Potassium voltage-gated channel,
subfamily Q, member 1
0.29 1.55
Slc6a7 Solute carrier family
6 (neurotransmitter transporter, L-proline),
member 7
0 1.38
Immunity
Ccl19 Chemokine (C–C motif) ligand 19 0.50 1.36
Defcr-rs1 Defensin related sequence cryptdin peptide⁎ 3.32 2.21
(3.95)
Lzp P-lysozyme structural⁎ 0 2.49
(5.76)
Mmp7 Matrix metallopeptidase 7⁎ 1.92 1.49
(4.75)
Mt1 metallothionein 1⁎ 0.71 1.38
Saa3 Serum amyloid A3 0.50 1.68
SerpinA10 Ser (or cys) peptidase inhibitor, clade A
(α-1 antiproteinase, antitrypsin) member 10⁎
0 1.49
Cell signaling
Adora1 Adenosine A1 receptor 0.29 1.55
Axin2/Axil Axin2/Conductin 0.29 1.29
(1.62)
Fgf15 Fibroblast growth factor 15 0.29 4.29
Rgs1 Regulator of G-protein signaling 1 1.92 1.89
a Deﬁnes the false discovery rate, q=1 corresponds to 1% risk that the regulated
gene is a false positive one.
⁎ Genes expressed by Paneth cells (Muller et al., 2005; Weeks et al., 2006; Molmenti
et al., 1993; Szczurek et al., 2001).
Table 2
Partial list of transcripts identiﬁed by microarray analysis to be downregulated in the
ileum of LGR5 KO mice.
Function Gene Gene name Q valuea
(%)
Mean fold
change
(qPCR)
Cell adhesion/ECM
Col3a1 Collagen, type III, alpha 1 0 0.73
Dcn Decorin 0 0.66
Eln Elastin 0 0.58
Firt2 Fibronectin leucine rich
transmembrane protein 2
0 0.75
Fln2 Fibulin 2 0 0.60
Gja4/Cnx37 gap junction membrane channel
protein alpha 4/Connexin 37
0 0.72
Hapln1 Hyaluronan and proteoglycan link
protein 1
0 0.77
Itm2A Integral membrane protein 2A⁎ 0 0.61 (0.69)
Klk5 Kallikrein 1-related peptidase b5 1.92 0.68
Mfap5/MAGP2 Microﬁbrillar associated protein 5/
microﬁbril-associated glycoproteins-2
0 0.49
Nov/CCN3 Nephroblastoma overexpressed gene/
CCN3⁎
0 0.59 (0.55)
Postn/PN/Osf2 Periostin/osteoblast speciﬁc factor 0 0.62
Sulf1 Sulfatase 1 0 0.77
Tnx Tenascin XB 1.27 0.79
Transcription factors
Ebf2 Early B-cell factor 2 0 0.72
Gig1/Zfp704 Glucocorticoid induced gene 1/Zinc
ﬁnger protein 704⁎
0.37 0.69
Odd1 Odd-skipped related 1 (Drosophila) 0.37 0.68
Peg3/Pw1/Zfp102 Paternally expressed 3⁎ 0.37 0.73
Wt1 Wilms tumor homolog 0 0.63
Cell cycle/Growth
Akap12 A kinase (PRKA) anchor protein
(gravin) 12
2.30 0.78
Ambra1 Autophagy/beclin 1 regulator 1 0 0.78
Ccdc80/Urb/Sgg1 Coiled-coil domain containing 80/
Steroid sensitive gene 1
0 0.65
Gas1 Growth arrest speciﬁc 1⁎ 0.719 0.79
Rbpp9/Bog Retinoblastoma binding protein 9 0 0.73
Ubc Ubiquitin C 2.30 0.81
Metabolism
Acad10 Acyl-Coenzyme A dehydrogenase
family, member 10
0 0.62
Dhrs6/Bdh2 Dehydrogenase/reductase (SDR
family) member 6/3-hydroxybutyrate
dehydrogenase, type 2
1.27 0.73
Molecule Transport
Clca3/Gob5 Chloride channel calcium activated 3 0.50 0.73
Kcne1 Potassium voltage-gated channel, Isk-
related family, member 1-like
2.75 0.78
Slc6a14 Solute carrier family 6
(neurotransmitter transporter),
member 14
0 0.72
Cell signaling
Cxcl12 Chemokine (C–X–C motif) ligand 12 0 0.77
Dkk2 Dickkopf homolog 2 (Xenopus laevis) 1.27 0.76)
Dlk1 Delta-like 1 homolog (Drosophila) 0 0.67 (0.71)
Hey3 Hairy/enhancer-of-split related with
YRPW motif-like
0.71 0.78 (0.83)
Igfbp5 Insulin-like growth factor binding
protein 5⁎
0 0.59 (0.75)
Nrk/Nesk Nik related kinase 0 0.61
Ptn Pleiotrophin⁎ 0 0.69
Retnlb/Xcp3/Fizz2 Resistin like beta 1.92 0.64
Ror1 Receptor tyrosine kinase-like orphan
receptor 1
0 0.76
Sfrp2 Secreted frizzled-related protein 2 1.92 0.69
Sst Somatostatin 2.30 0.70 (0.64)
a Deﬁnes the false discovery rate, q=1 corresponds to 1% risk that the regulated
gene is a false positive one.
⁎ Genes reported to be expressed by stem cells (Blanpain et al., 2004; Morris et al.,
2004; Gupta et al., 2007).
65M.I. Garcia et al. / Developmental Biology 331 (2009) 58–67number of known targets of Wnt signaling were upregulated (Table 1,
Figs. 4 and 6A). Among the genes downregulated in null mice, a
number code for molecules associated with “stemness” (such as the
cell adhesion molecule Itm2A, the growth factor binding protein
Igfbp5, the transcription factors Gig1 and Peg3, the cell cycle regulator
Gas1 or the signaling molecule Pleiotrophin) (Table 2). Additional
downregulated genes code for components of the extracellular matrix
involved in cell signaling (such as Decorin and Elastin) as well as for
endothelial cell markers (such as Cnx37), which could altogethercontribute to the establishment of the progenitor cell niche (Cabello-
Verrugio and Brandan, 2007; Karnik et al., 2003; Simon and
McWhorter, 2002). As reported in Fig. 7, qRT-PCR experiments
Fig. 7. Downregulated genes in KO ileums. qRT-PCR analysis of genes downregulated in
the ileum of WT (n=12) and KO (n=13) mice. Analysis was performed by t-test.
66 M.I. Garcia et al. / Developmental Biology 331 (2009) 58–67performed on whole tissues conﬁrmed statistically signiﬁcant down-
regulation of the stem cell marker Itm2A (p=0.038) and tendency for
downregulation of Igfbp5 (p=0.072). In addition, microarray ana-
lyses revealed that some molecules associated with the Notch
signaling pathway were downregulated in null mice: the atypical
Delta-like 1 ligand, the Hairy of enhancer of split related Hey3 and the
Nov/CCN3 molecules (Table 2) (Crosnier et al., 2005; Fre et al., 2005;
Ohlstein and Spradling, 2007; Kageyama et al., 2007, Hayashi et al.,
2008; Sakamoto et al., 2002; Gupta et al., 2007). qRT-PCR experiments
performed on whole tissues conﬁrmed statistically decreased expres-
sion of Dlk1 and Nov (p=0.023 and 0.024, respectively) and showed
tendency for downregulation of Hey3 (p=0.066) in KO tissues (Fig.
7). Finally, expression of somatostatin, a marker of the D subtype of
enteroendocrine cells (Rindi et al., 2004), appeared to be statistically
downregulated (Fig. 7, p=0.0024; Table 2). These data would suggest
that, although not detected at the histological level, there could be a
decreased proportion or differentiation of this cell type lineage in KO
ileal tissues. Alternatively, somatostatin might be expressed at low
level by intestinal progenitors, its downregulation reﬂecting depletion
of the stem cell/progenitor's pool.
Discussion
The orphan LGR5 receptor has recently been identiﬁed as a marker
of adult stem cells in the intestinal crypts and in the skin but its
physiological function remains to be addressed. In the present study,
we provide new information on its expression during normal
intestinal development and evidences that its deﬁciency leads to
premature Paneth cell differentiation associated with activation of the
Wnt pathway.
As evidenced from X-gal labeling in heterozygous animals, the
pattern of LGR5 expression shows progressive spatial restriction during
fetal intestine development. From ubiquitous in the epithelium when
villus morphogenesis begins, its expression becomes restricted to few
epithelial cells in the intervillus regions around day E18.5 (Fig. 1). These
cells qualify as progenitors as they show strong proliferative capacity
and migrate upwards in the villi (Fig. 2). They are likely the precursors
of the columnar basal cells identiﬁed as stem cells in the crypts of the
adult intestine, which keep a high proliferative activity (Barker et al.,
2007). Besides, qRT-PCR experiments show that expression of the LGR5
gene is higher in the distal than in the proximal fetal intestine.
Interestingly, an inverse gradient of expression has been reported for
another adult stem cell marker, the Bmi-1 protein, that speciﬁcally
labels more quiescent cells in +4 position in crypts (Sangiorgi and
Capecchi, 2008). Future experiments aimed at determining if the two
markers are expressed by independent or interdependent cell popula-
tions should contribute to clarify the controversial debate on the nature
of adult stem cells.
So far, the only phenotype reported in mice homozygous for an
LGR5 null allele is ankyloglossia, causing neonatal death (Morita et al.,2004). We provide here the ﬁrst evidence that invalidation of LGR5 is
associated with an intestinal phenotype resulting in the premature
differentiation of Paneth cells. Whereas Paneth cells normally appear
during the ﬁrst 2 weeks of postnatal life, LGR5 null mice show
morphological and molecular evidences of activation of the Paneth
cell genetic program as early as at E17.5 (Fig. 4 and Table 1).
Experiments with conditional invalidation of the Apc and fz5 genes or
a mutant gain-of-function of the β-catenin gene have demonstrated a
key role of the Wnt pathway in the correct positioning and
differentiation of Paneth cells and identiﬁed cryptdin and MMP7
genes as direct targets of TCF4 (Andreu et al., 2005, 2008; Sansom et
al., 2004, van Es et al., 2005). Accordingly, these markers were found
to be upregulated in LGR5-KO intestine. In addition to Wnt target
genes associated with Paneth cell differentiation, LGR5-deﬁcient
tissues showed upregulation of several Wnt targets expressed by
both CBC and transit-amplifying progenitors in adults (like Axin2 and
CD44, Jho et al., 2002; Zeilstra et al., 2008) or exclusively expressed by
CBC cells (Ascl2, van der Flier et al., 2009). LGR5 being itself a target of
the Wnt pathway (Barker et al., 2007), our observations that
transcription from the LGR5 promoter is activated simultaneously
with the Axin2Wnt target gene (Figs. 5 and 6) in LGR5-deﬁcient mice
from day E16.5, point to a role of LGR5 in the ﬁne tuning ofWnt effects
speciﬁcally in stem/progenitors during early intestinal development.
Interestingly, expression of the Wnt target gene EphB3, involved in
correct positioning of Paneth cells in adults (Batlle et al., 2002),
appeared unaffected in LGR5 KO tissues (Figs. 6A and D). These results
are consistent with the observation that EphB3 is normally present in
both CBC and Paneth cells and with the fact that Paneth cells
precociously generated in LGR5-deﬁcient mice originate from LacZ-
expressing progenitors. Recent data indicate that LGR5-expressing
intestinal stem cells have the potential to build crypt–villus structures
ex vivo, in the absence of mesenchyme (Sato et al., 2009). Our results
suggest that, in intact animals, in vivo, LGR5 would be part of a
negative feedback loop adjusting the level of Wnt signaling in this
morphogenetic process.
The place where Wnt effects take place during intestine develop-
ment has been questioned recently. The consensus view from TCF4
knock-out mice that it targets epithelial cells in the intervillus region
(Korinek et al., 1998) has been challenged by data obtained in TOP-
GAL and Axin2lacZ transgenicmice suggesting that it is restricted to the
villus epithelium during villus morphogenesis (Kim et al., 2007).
Together, our in situ hybridization (consistent with that reported by
Jho et al., 2002) and qRT-PCR experiments with Axin2 provide strong
evidence that, also prenatally, activation of the Wnt pathway in stem
cells/early progenitors takes place in the intervillus region (Fig. 6).
The intestinal phenotype of LGR5 null mice does not mimic plain
overactivation of the Wnt cascade, as observed following invalidation
of Apc (Andreu et al., 2005), or in gain of function mutants of βcatenin
(Harada et al., 1990). In particular, there was no detectable effect on
epithelial cell proliferation (Fig. 2), suggesting a concomitant
inhibitory effect of LGR5 loss on growth. Although speculative at
this stage, it is tempting to suggest that absence of LGR5 during
intestine development might have an inhibitory effect on the Notch
pathway, which has been shown to regulate negatively the CDK
inhibitors p27Kip1 and p57Kip2 (Riccio et al., 2008). Consistent with this
hypothesis, two atypical Notch ligands, Nov/CCN3 and Dlk1, and one
putative Notch target, Hey3, display downregulation in LGR5 knock-
out ileums (Fig. 7, Table 2). Interestingly, invalidation of the Hes1, a
bonaﬁde target of Notch, causes also premature differentiation of
Paneth cells (Suzuki et al., 2005).
By nature, the present experiments have been limited to assess the
role of LGR5 via loss of its function. However, they provide evidence
that this marker of intestinal stem cells participates in regulation of
the Wnt pathway in intact animals. More informative gain of function
studies will await identiﬁcation of the long sought natural agonist
of LGR5.
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